Introduction
Central to the design of a satellite system are the constellation and selected orbit which determine the elevation and azimuth angles at which a user shall receive a direct signal. The elevation and azimuth angle toward a particular satellite can remain the same for a fixed receiver, as in case of a geostationary Earth orbit, or change dramatically when considering for example a highly elliptical orbit. This has a strong influence on the corresponding satellite-to-Earth propagation channel as, based on user surroundings, the signal may be shadowed differently determined by the direction of the incoming signal. To predict such behavior, a number of various propagation channel models for different scenarios can be found in the literature, see for example [1] [2] [3] [4] [5] [6] [7] [8] . Generally, such models need to be based on available experimental data; however, obtaining suitable experimental data is demanding. It is common to utilize a so-called pseudo-satellite which may be in a form of a transmitter (Tx) placed on a helicopter [9] [10] [11] or a remote-controlled airship [7] , [12] , [13] , at a crane or the upper-most point in the surroundings for fixed-elevation measurements [14] [15] [16] , or even collect data from an existing satellite [17] [18] [19] .
However, it is not feasible to obtain experimental data for all the combinations of azimuth and elevation angles observed by a user on Earth when considering a particular non-geostationary satellite system. Instead, respecting high costs of experimental campaigns when using a pseudosatellite, pre-defined flight paths, such as a star-pattern [7] , circle [11] , or hemisphere [10] , are chosen for selected scenarios.
Considering azimuth-independent scenarios identified in the text as regular, such as a densely vegetated area, only one set of reference experimental data in a vast range of elevation angles at an arbitrary azimuth should be sufficient to predict received signal characteristics for arbitrary non-geostationary satellite orbits leading to less demanding experimental campaigns. Such a novel approach would follow [20] , where a probability density function (PDF) of elevation angles between a user and a low Earth orbit satellite is utilized to obtain resulting rain attenuation time series. However, such an experiment has not been documented in the literature and needs to be validated. Thus, a series of measurements at 2.0 GHz at Stromovka Park in Prague, Czech Republic, were carried out in 2013 and 2014. Throughout these trials, a remote-controlled airship was utilized as a pseudo-satellite following pre-defined flight paths according to sub-satellite points of selected Galileo and Iridium satellites. Both the left-(LHCP) and right-handed (RHCP) circularly polarized signals were transmitted from the airship towards a receiver located at two different scenarios. Unlike [21] , where four different distributions were fitted to the first-order statistics of experimental data obtained previously at Stromovka Park with a low sampling rate of 100 Hz, this paper presents a method how to obtain a cumulative distribution function (CDF) of received signal levels for various non-geostationary satellite orbits based on a reference dataset for the case of azimuth-independent scenarios. Details of the experimental campaign are provided in Sec. 2, the data processing method is described in Sec. 3, while the results and discussion are given in Sec. 4.
Measurement Setup and Trials
The measurement setup used during the trials was as follows. A remote-controlled airship carried a Tx, the same type as in [7] , connected to an LHCP and an RHCP planar wideband antenna attached to a positioner enabling an instant pointing towards the receiver (Rx) location based on the airship GPS coordinates. Unmodulated continuous wave signals with a fixed output power of 27 dBm were transmitted at frequencies of 2.00106 GHz and 2.00086 GHz by the LHCP and RHCP antenna, respectively. Unlike [7] and [12] , to obtain the received signal levels of both the co-polarized and cross-polarized components of the transmitted signals, a dual-polarized rectangular patch antenna was connected by an H-hybrid and two power splitters to a sensitive, custom-made, four-channel receiver with a low noise floor of -126 dBm for a measurement bandwidth of 12.5 kHz. The receiver provided a 10-kHz sampling rate and its first two channels were tuned to 2.00106 GHz and the remaining two were tuned to 2.00086 GHz. The height of the upwards-pointing receiving antenna was 1.5 meters and the altitude of the airship was kept approximately 200 meters above ground level at a near-constant speed of 8 m/s. Similar to [7] , recorded signal levels were recalculated to a uniform distance of 20 km to eliminate the influence of free space loss for different distances between the Tx and Rx. Further, data obtained during periods of airship pitch and roll of more than 15 degrees were removed as they represent gusty conditions during which the Tx antenna positioner did not perfectly keep the direction towards Rx.
The airship followed pre-defined flight paths over the vegetated area of Stromovka Park according to the selected typical sub-satellite points of the Galileo PFM and Iridium 98 satellite for the location of Prague (50.08° N, 14.43° E), see Fig. 1 . Two scenarios, marked as A and B in Fig. 1 and shown in more detail in Fig. 2 , were selected to represent regular scenarios independent of azimuth: a receiver located inside coniferous trees and within a group of tall deciduous trees, respectively. It should be noted that all the flight paths in Fig. 1 refer to scenario A and were thus slightly shifted for the case of scenario B. By performing the measurements in July 2013 and March 2014, represen- tative experimental data were obtained for the actual satellite passes during both the summer and winter season. As scenario A is evergreen, it demonstrates the repeatability of the measurements while defoliation of scenario B represents different propagation conditions. Thus only these two scenarios can be utilized to obtain a statistically significant amount of experimental data and validate the method presented below in Sec. 3.
It should be noted that although the utilized frequencies are at the upper part of L-band, higher than the actual Galileo or Iridium frequencies, the method introduced in the next section is limited by the azimuthal symmetry of a particular scenario rather than by a selected frequency. In addition, even though the airship simulated actual nongeostationary satellite systems, arbitrary flyovers could have been selected.
Data Processing
The experimental data were processed in the following way. The measurements were aimed at high elevation angles and, thus, the lowest elevation considered was 30 degrees from the Rx point of view. On the other hand, to avoid an insufficient amount of data for high elevation angles, the maximum considered elevation was 80 degrees. For the analysis described below, only the co-polarized components of the received LHCP and RHCP signals were considered.
As a subsequent step, the entire range of elevation angles achieved during the north-south reference flyover (shown by the thick line in Fig. 2 ) was divided into fivedegree intervals and a PDF pdf reference,i (r) of received signal levels r in dB was calculated by means of histogram for each elevation interval i. In contrast to [20] , where segments of constant time are utilized, our approach requires constant elevation intervals as the simulated flyovers do not follow the actual time duration of the particular satellite pass. The choice of the interval size respected a statistically significant number of data samples (about 80000 and 40000 for the lowest and highest elevation interval, respectively) and, in addition, propagation conditions and antenna patterns are considered as not significantly varying within such an interval, similar to [7] .
Consequently, for the Galileo or Iridium flyovers shown in Fig. 1 , a PDF of the elevation intervals pdf Θ (θ) achieved during a particular flyover was calculated and thus the probability p Θ,i (θ) of each elevation interval i was obtained. Then, following (1), a PDF of signal levels received during the reference flyover within an elevation interval i, pdf reference,i (r), was multiplied by p Θ,i (θ) so that a PDF of received signal level pdf predicted,i (r) was predicted for this elevation interval. After that, a PDF of received signal levels pdf predicted (r) for the whole range of elevation angles from 30 degrees up to 80 degrees was obtained according to (2) , simply as a sum of the PDFs for every elevation interval.
where n is the total number of elevation intervals. Obtaining a corresponding CDF is then straightforward by using ( 
Results and Discussion
To analyze and quantify the quality of the overall match of the predicted and actual received signal level CDF for a particular satellite flyover, we calculated the mean and standard deviation of their difference for the whole range of percentages with a step of 0.01. Corresponding results are then given in Tab. 1 with the exception of Iridium flyover number 2 for scenario B during the summer season as the experimental data are not available.
Based on this table it is evident that overall similar results were obtained for scenarios A and B during the summer and winter season. Absolute values of maximum and minimum mean of differences are below 5 dB and about 0 dB, respectively. Together, with maximum standard deviations below 2.5 dB, these values indicate an excellent match of the predicted and actual CDFs. Such results also reflect the fact that even scenario B, consisting of only five deciduous high-rose trees, with non-uniformly distributed sparse trunks and branches without leaves in the winter season, can still be considered as regular, although it could be assumed to be more dependent on azimuth than scenario A.
It should be noted that a certain level of inaccuracy is introduced into the predicted results due to the Rx antenna pattern not being perfectly azimuth independent. However, respecting the Rx antenna design, the maximum difference of gain for both the LHCP and RHCP polarization can be identified for the lowest elevations as only about 2 dB for an elevation of 30 degrees.
To illustrate results from Tab. 1, Figs. 3 and 4 represent selected actual, predicted and reference signal level CDFs for the Galileo satellite flyover number 2, RHCP signal at scenario A and B during the summer season, respectively. For these cases, the mean value of the differences is 1.2 dB and -3.1 dB, whereas the standard deviation of the differences is 0.8 dB and 2.0 dB, respectively. Based on Figs. 3 and 4 , such values lead to a very good visual match of the predicted and actual signal level CDF, even for the worse case. To summarize, based on Tab. 1, it can be stated that an overall very good match of the prediction was achieved for both scenarios A and B during summer and winter. Based on the large experimental dataset which has been processed, the presented prediction method can be considered as successfully validated for the case of high elevation angles and regular scenarios.
Conclusion
We have presented a method enabling the prediction of the first-order statistics of signal levels received at high elevation angles considering arbitrary satellite orbits and azimuth-independent scenarios. This method is based on utilizing a reference dataset for a wide range of elevation angles at one azimuth only. The validity of this method was demonstrated at a frequency of 2.0 GHz on a significant number of experimental datasets obtained by using a remote-controlled airship simulating selected Galileo and Iridium satellite passes over two vegetated scenarios during both the summer and winter season. It was also shown that the proposed method can be utilized for common, not perfectly azimuth-independent scenarios, which would result in a significant decrease of complexity of corresponding experimental campaigns. Furthermore, as a consequence of the proposed method, if data obtained for the case of an existing satellite system are available, they may be utilized as a reference dataset to predict the first-order statistics of received signal levels at a similar frequency for a different constellation of the satellite system, at least as an initial estimation, without the considerable expense of a measurement campaign.
